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November 24, 1977 It has been generally accepted that extracellular Ca', is indispensable for the process of transmitter release at the chemical synapses (1) (2) (3) (4) (5) . In addition, extracellular Ca21 has been recognized as a stabilizer of excitable membrane, and depletion of the ion may lower the threshold (6, 7) . Deficiency of Cat may cause both the depression of spinal activity due to the inhibition of synaptic transmission and the excitation due to the lowered threshold of the membrane.
The purpose of the present study was to examine alterations in the spinal activity in a Ca''-deficient environment.
Although it is dillicult to modify the ionic environment of the central nervous system, the adoption of the isolated, intraarterially perfused frog spinal cord (8) should help to overcome the problem, and make feasible investigations on the ionic mechanisms of excitability of the central nervous system.
MATERIALS AND METHODS
The technique for preparing the isolated, perfused spinal cord preparation was essentially the same as that described by Matsuura et al. (8) and Kudo et al. (9) .
The isolated spinal cord was perfused through the cannula inserted into the anterior spinal artery with amphibian Ringer's solution (18-1 2 C) composed of (mM) NaCI 115, KCI 2.7, CaCI, 1.8 and glucose 5.5, buffered to pH 7.4-7.6 with NaHCO1. Cat -free solution was prepared by the deletion of CaCI2 From normal Ringers solution.
The 9th or 10th ventral root was mounted on a pair of silver-silver chloride electrodes for recording. Spontaneous discharges were amplified with an AC-amplifier (Nihonkohden AVB-2) and displayed on an oscilloscope (Nihonkohden VC-7). Discharges were then transformed into square waves and fed into an integrator, the output of which was recorded using a pen recorder (Nihonkohden WI-180). In some experiments, isolated spinal cord nerve-muscle preparation (10) was used. The isometric contractions of the muscle in nervated by the spinal cord were recorded on a pen recorder through a force displacement transducer (Nihonkohden SB-1T) and an amplifier (Nihonkohden RP-2).
Spontaneous DC-shifts in the ventral and dorsal root were recorded by means of the sucrose-gap method (9, 11) . Potential differences between the spinal cord and the peripheral stumps of ventral root or dorsal root were detected by calomel electrodes and then amplified by a DC-amplifier (San-ei Sokki 6L5), the output of which was recorded simultaneously by a two pen DC-recorder (Hitachi 056).
A K+-sensitive rnieroelectrode was prepared by using K+-selective liquid ion-exchanger 
RESULTS

Spontaneous activity in Call -free medium
Spontaneous discharges from the ventral root could be observed within 1 hr after the beginning of the perfusion as reported previously (15) . When the bursts of discharges occurred irregularly and repeatedly, the normal Ringer's solution was replaced by Ca2+-free medium. Soon after the replacement, the rate of spontaneous discharges markedly in creased. This increment was temporary and the discharges gradually decreased. When the exposure to Ca2+-free medium was continued, the bursts reappeared rhythmically as shown in Fig. 1 . While the rhythmical bursts in Ca2+-free medium lasted, the irregular discharges began to interpose between the rhythmical bursts. About 60 min after the beginning of Ca2+-free medium perfusion, rhythmical bursts faded out, and only the con tinuous discharges remained. Fig. 2 shows the spontaneous DC-potential changes detected between 9th ventral root (or dorsal root) and spinal cord. Immediately after the perfusion with Ca2+-free medium, a marked depolarization was found in both roots. This depolarization was followed by the oscillatory potentials which obviously corresponded to the rhythmical bursts shown in The isolated spinal cord-nerve-muscle preparation was employed to show how the muscles innervated by the spinal cord were influenced by the bursts from the ventral root.
The sartorius muscle contracted only to the highly synchronized bursts in normal Ringer's solution, while the rhythmical contraction could be seen when the rhythmical bursts appeared in Ca2+-free medium (Fig. 4A) . The spinal cord with both tibialis anterior and gastrocnemius muscles, which are antagonists to each other, was prepared. Under the perfusion of normal Ringer's solution, the muscles showed spontaneous contraction, reciprocally. When the spinal cord was exposed to Ca2+-free medium, the muscles contracted simultaneously.
( Fig. 4B) . By the application of EDTA (10-s M) or EGTA (10-3 M), the rhythmical bursts dis appeared immediately, and the continuous discharges could be seen. This result indicates that a small amount of Call is indispensable for the occurrence of oscillatory activity (Fig. 6) After the pretreatment with ouabain (5 x 10-5 M) for 30 min, perfusion with Ca2+-free solution did not result in initiation of rhythmical bursts. In this case, only continuous discharges were observed (Fig. 7) . The same effect was obtained with dinitrophenol (5 x 10-s M)-pretreatment. Thus metabolic mechanisms probably participate in the occurrence of the rhythmical bursts in Ca2+-free environment.
DISCUSSION
Spontaneous discharges from the ventral root of the isolated spinal cord altered in four distinguishable steps after the exposure to Ca2+-free medium. The first step was an im mediate increase in the rate of spontaneous discharges, the second a gradual decrease, the third occurrence of rhythmical bursts, and the last, the appearance of continuous firing.
Frankenhaeuser and Hodgkin (6) and Frankenhaeuser (7) have shown in squid giant axon and frog sciatic nerve that the reduction of the bound Call from the neuronal membrane during the perfusion with Ca2+-free medium produces an increase in the Na+ influx, and depolarizes the excitable membrane. The first step with an immediate increase in the rate of the spontaneous discharges may depend on this change in the membrane permeability.
The gradual decrease in spontaneous discharges observed as the second step can be partly ascribed to the depolarization block, as the membrane potential measured by the sucrose-gap method showed a full depolarization in this step.
The characteristic alterations in spontaneous discharges after Call-free medium perfusion were the occurrence of rhythmical bursts following a gradual decrease in the discharges. Rhythmical activity of the same type has been shown by Barker and Gainer (16) in the molluscan neurons exposed to Cal '-free medium. These workers have suggested that the activity depends on the stimulatory effects on the intrinsic pace-making mechanism.
In the rabbit atria, automaticity was observed after the treatment with Call-chelating agents Tetrodotoxin reduced the extracellular K+ activity and suppressed its fluctuation, suggesting
that K+ outflux has a linkage with tetrodotoxin-sensitive Na+ influx in Ca2+-free environment.
The requirement of Ca2+ for rhythmical activity was suggested by the results of prolonged exposure to Ca2+-free medium and of the addition of Ca2+-chelating agents, in which no rhythmical activity was observed. The occurrence of rhythmical bursts, therefore, must require a small amount of Ca'2+ which is available for the secretion process of the transmitter to discharge the whole spinal neurons almost synchronously. The source of Ca2+ may be in the extracellular space, as has been suggested by Frankenhaeuser (7) . The alternative possible source of the ion may be the intracellular storage site such as mitochondria (18) .
The Ca ion in the intracellular storage site may be mobilized and utilized for the transmitter release during Ca2+-free perfusion. Further studies are in progress.
